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The singlet oxygen quantum yield of photosensitizers can be determined by fluorometry based on the formation of strongly fluorescent pteridine via the oxidative decomposition of folic acid and methotrexate. ) is the lowest excited electronic state of molecular oxygen and a reactive oxygen species that can mediate the oxidative degradation of many molecules [1] [2] [3] [4] . Singlet oxygen is commonly generated by the irradiation of a molecule, a photosensitizer, that is either endogenous or specifically added to the system. In this process, energy transfer to ground-state molecular oxygen from an excited electronic state of the photosensitizer, generally the lowest excited triplet state, results in the production of 1 O 2 . One of the most important topics in photosensitized 1 O 2 generation is photodynamic therapy (PDT), which is a promising treatment of cancer and some non-malignant conditions [5] [6] [7] . Furthermore, the modification of biomacromolecules through 1 O 2 generation is the likely initial event involved in the induction of mutagenic and lethal effects [8] [9] [10] [11] [12] . The detection of 1 O 2 and determination of the quantum yield of 1 O 2 generation (Φ Δ ) by a photosensitizer are necessary to evaluate the PDT activity or phototoxic risk of photosensitizers. The measurement of the near-infrared emission through a deactivation process of 1 O 2 is sensitive and one of the most important methods to detect 1 O 2 [13] [14] [15] , but this method requires the use of costly apparatuses. Another sensitive method for 1 O 2 detection is fluorometry using a molecular probe, which is the less fluorescent precursor of the fluorescent molecule [16] [17] [18] [19] . In general, the sensitive fluorometry of 1 O 2 also requires costly fluorescence probes. We previously reported a method for the fluorometry of hydrogen peroxide (H 2 O 2 ) using folic acid ( Fig. 1) , which is an inexpensive and nontoxic compound [20] . Hydrogen peroxide with copper ion or ultraviolet irradiation causes the oxidation of folic acid, leading to the formation of pterine-6-carboxylic acid (PCA) [20] [21] [22] [23] [24] . The fluorescence intensity of PCA is strong, although folic acid itself weakly fluoresces [20, 24, 25] . This fluorescence enhancement mechanism can be applied as a Fig. 1 ) [26] , was investigated. The determination method of Φ Δ using these molecules is also reported. 
Materials and methods

Materials
Calculation of the molecular orbital energies of folic acid and MTX
The molecular orbital (MO) energy of folic acid and MTX was estimated from the ab initio MO calculation at the Hartree-Fock/6-31G* level. The structures of these molecules were also optimized by this calculation. The order of the energy levels of MO in the ground state was calculated by this method to estimate the electron transfer direction in the photoexcited state. This calculation was performed utilizing Spartan'06 (Wavefunction Inc., CA, USA).
Results and discussion
Strategy for the fluorometry of 1 O 2 using folic acid and MTX The calculated energy level of the MO showed that the aminobenzoyl moieties of folic acid and MTX are the electron-donating groups, suggesting that the fluorescence from their pteridine moieties can be quenched through intra-molecular electron transfer from their aminobenzoyl moieties [20, 24, 26] . It has been reported that the C 9 -N 10 bonds connecting the pteridine and aminobenzoyl moieties of folic acid [20] [21] [22] [23] [24] [27] [28] [29] and its analogues [26, [29] [30] [31] [32] are unstable against oxidative stress agents. Singlet oxygen-mediated cleavage of this C 9 -N 10 bond or oxidation of the electron-donating moiety should recover the fluorescence intensity of their pteridine moieties ( Fig. 1 ).
Photochemical properties of folic acid and MTX and their photosensitized decomposition
The absorption and fluorescence spectra of folic acid and MTX are presented in Fig (Fig. 7) . These findings showed that this method using folic acid and MTX can be applied to determine the Φ Δ of a photosensitized reaction. MTX is superior to folic acid for the determination of the Φ Δ of photosensitizers because the background fluorescence of MTX is negligible.
Protocol for the determination of Φ Δ
This method can be applied to the determination of the Φ Δ of visible light photosensitizers.
Because folic acid and MTX absorb ultraviolet light, resulting in their decomposition, 1 O 2 generation by ultraviolet photosensitizers cannot be measured using these folic acid analogues. In addition, the quantitative determination of 1 O 2 is possible using this method. The amount of substance of 1 O 2 (n SO ) generated by photosensitized reaction can be determined by the following equation: [29] . In the present study, the decomposition yield (Φ dc ) of MTX by 1 O 2 was roughly estimated from the analysis with high-performance liquid chromatography (HPLC) [36] to determine the value of k r . The obtained value of Φ dc was 4.0×10 -3 , and k r can be expressed as follows:
where [MTX] represents the MTX concentration (20 μM under this experimental condition).
For this calculation, the value of k q (4.2×10 7 M -1 s -1 ) [29] by N-methylpterin, which has only one different substituent (R1 of N-methylpterin = OH in Fig. 1 ) from MTX, is used, since the k q is considered to be scarcely affected by the slight difference of the substituent. The value of k r can be roughly calculated using the above mentioned values, and the resulting value of k r is 3.1×10 6 M -1 s -1 . This reaction rate is slightly slower than that of reported sensitive fluorescence probes, such as dimethylanthracene derivatives [17] , and suggests that several minutes is required for the 1 O 2 assay using these folic acid analogues.
Although the oxidation mechanism of MTX is complicated and the oxidized products could not be identified in this study, the formation of strongly fluorescent pteridine compounds, such as 2,4-dimethyl-6-hydroxymethylpteridine (fluorescence quantum yield in 
